This paper presents results of singlet oxygen generation experiments in a high-pressure, non-self-sustained crossed discharge. The discharge consists of a high-voltage, short pulse duration, high repetition rate pulsed discharge, which produces ionization in the flow, and a low-voltage dc discharge which sustains current in a decaying plasma between the pulses. The sustainer voltage can be independently varied to maximize the energy input into electron impact excitation of singlet delta oxygen (SDO). The results demonstrate operation of a stable and diffuse crossed discharge in O 2 -He mixtures at static pressures of at least up to P 0 = 380 Torr and sustainer discharge powers of at least up to 1200 W, achieved at P 0 = 120 Torr. The reduced electric field in the positive column of the sustainer discharge varies from E/N = 0.3 × 10 −16 to 0.65 × 10 −16 V cm 2 , which is significantly lower than E/N in self-sustained discharges and close to the theoretically predicted optimum value for O 2 (a 1 ) excitation. Measurements of visible emission spectra O 2 (b 1 → X 3 ) in the discharge afterglow show the O 2 (b 1 ) concentration to increase with the sustainer discharge power and to decrease as the O 2 fraction in the flow is increased. Rotational temperatures inferred from these spectra in 10% O 2 -90% He flows at P 0 = 120 Torr and mass flow rates ofṁ = 0.73-2.2 g s −1 are 365-465 K. SDO yield at these conditions, 1.7% to 4.4%, was inferred from the integrated intensity of the (0,0) band of the O 2 (a 1 → X 3 ) infrared emission spectra calibrated using a blackbody source. The yield remains nearly constant in the discharge afterglow, up to at least 15 cm distance from the discharge. Kinetic modelling calculations using a quasi-one-dimensional nonequilibrium pulser-sustainer discharge model coupled with the Boltzmann equation for plasma electrons predict gas temperature rise in the discharge in satisfactory agreement with the experimental measurements. However, the model overpredicts the O 2 (a 1 ) yield by a factor of 2-2.5, which suggests that the model's description of nonequilibrium O 2 -He plasma kinetics at high pressures is not quite adequate.
One of the main goals of this research is to achieve significant yields of singlet delta oxygen (SDO) molecules, O 2 (a 1 ), in nonequilibrium gas discharge oxygen plasmas at low temperatures. Based on the nonequilibrium oxygen-iodine mixture kinetics, the threshold SDO yield required to achieve positive gain in oxygen-iodine laser systems is given by the expression [8] [O 2 (a 1 )]
where T is the flow temperature in the laser cavity. The strong temperature dependence of the threshold yield (14.8% at T = 300 K, 8.2% at T = 200 K and only 1.2% at T = 100 K) provides motivation to rapidly reduce the flow temperature before it enters the laser cavity, which can be done in a rapid supersonic nozzle expansion downstream of the electric discharge section. For example, after an M = 3 expansion of a room temperature 10% O 2 -90% He flow, the static temperature will be only about T = 80 K. Indeed, recent encouraging experiments in an RF discharge in O 2 -He mixtures at P = 10 Torr, followed by an M = 2 expansion demonstrated both positive gain on a 1315 nm iodine atom transition [7] and cw lasing with a 220 mW output power at the laser cavity temperature of 180 K [8] . Positive gain has also been measured in a low-pressure microwave discharge in subsonic near room temperature O 2 -Ar mixtures (P = 1.5 Torr, T = 350 K) [9] . Using an electric discharge followed by a supersonic flow expansion would also potentially allow the achieving of high mass flow rates and therefore high laser powers. However, this approach to reduce the flow temperature and the gain threshold would also require operating at rather high stagnation pressures. Indeed, for an M = 3 laser cavity pressure of P = 3-5 Torr, the stagnation pressure in a 10% O 2 -90% He flow should be P 0 = 100-160 Torr. Note that the discharge excitation section should be located close to the nozzle plenum to increase the flow residence time, and therefore the energy loading in the discharge, i.e. the pressure in the discharge region would be rather close to stagnation pressure. Also, to optimize the O 2 (a 1 ) yield in the plasma, the discharge should operate at reduced electric field (E/N) values where the energy input into the target O 2 (a 1 ) state is maximum. Finally, to fully utilize the advantage of lowering the gain threshold by reducing the cavity temperature, the flow temperature rise in the discharge should be rather modest (preferably, of the order of a few tens of degrees). This requires dilution of the feedstock species, oxygen, in an inert carrier gas which should also have low collisional quenching rates of the O 2 (a 1 ) state, such as helium, argon or nitrogen.
It is well known that in nonequilibrium plasmas, the energy fraction going into electron impact excitation of O 2 (a 1 ) and O 2 (b 1 ) states in O 2 -Ar and O 2 -He mixtures reaches a maximum at rather low E/N values, E/N < 1 × 10 −16 V cm 2 [1, 3, 4] . These E/N values are considerably lower than those achieved in self-sustained nonequilibrium electric discharges (dc, RF or microwave), E/N ∼ (1-10) × 10 −16 V cm 2 . Therefore optimization of the energy input into the singlet oxygen states suggests the use of non-self-sustained electric discharges, with an external ionization source not coupled to the applied electric field. An additional well-known advantage of non-self-sustained discharges is that they remain stable at much higher pressures and energy inputs compared with self-sustained discharges, which at these conditions are prone to instability development [10] .
Recent experiments in a non-self-sustained discharge sustained by a high-energy electron beam [3, 5] suggested that it can be successfully used for efficient generation of SDO at high pressures, up to P = 100 Torr. However, in this type of discharge, special care should be exercised to prevent foil breakage, which may result in contamination of the electron beam apparatus with iodine as well as in severe damage of the electron gun cathode. An alternative approach is to use two overlapping discharges, one producing a series of high-voltage, short pulse duration, high repetition rate ionizing pulses and the other providing a dc sustainer voltage at E/N values in the optimum SDO excitation range. In such discharges, uniform ionization is produced by a high-voltage pulse, which is turned off before ionization instabilities develop and a uniform pulsed discharge collapses into an arc filament. On the other hand, the dc sustainer voltage is far too low to produce ionization, so that between the pulses the decaying plasma remains stable. At these conditions, the sustainer voltage, tailored to maximize the energy input into the singlet oxygen states, draws the electric current and couples the power to the decaying plasma. To increase the sustainer discharge energy loading, the pulse repetition rate should be sufficiently high to avoid complete plasma decay between the high-voltage pulses. This approach, first suggested and experimentally demonstrated by Hill [11] , has been previously used to develop a high power, fast flow CO 2 laser [10, 12] .
Recent experiments at the Nonequilibrium Thermodynamics Group using this crossed discharge technique [13, 14] showed that, indeed, it allows producing stable and diffuse plasmas at higher pressures and much higher energy loadings compared with self-sustained discharges (dc and RF). In these experiments, the crossed discharge was generated in M = 3 and M = 4 supersonic flows of nitrogen and air, at static pressures of P = 5-10 Torr. The objective of the present paper is to study singlet oxygen generation in the crossed discharge generated in subsonic flows (M ∼ 0.1-0.2, P ≈ P 0 ) and at significantly higher pressures.
Experimental
The present measurements have been conducted in a new blowdown facility at the Nonequilibrium Thermodynamics Laboratories, which was specifically designed for development of an electrically pumped oxygen-iodine laser. A schematic of the facility is shown in figure 1 . Premixed helium/oxygen and argon/oxygen flows are produced by mixing a carrier gas (helium or argon, respectively) with a 50%/50% mixture of the same carrier gas with oxygen. The carrier gas cylinders are stacked to increase the overall available operation time. After mixing, the gas flow is delivered to the test section via a 1 inch diameter, 15 ft long supply line. A slit sonic choke plate, placed downstream of the diagnostics section, allows inference of both the mass flow rate through the test section and mole fractions of oxygen and carrier gas from their partial pressures. The flow rate can be varied by changing the slit cross section area. The discharge test section, the overall view of which is shown in figure 2 , is made of acrylic plastic and has a rectangular inner cross section of 1 cm×5 cm. Two rectangular dc electrodes, each 5 cm long and 1 cm wide, and two square shaped pulsed electrodes, 5 cm × 5 cm, are flush-mounted in the side walls and in the top/bottom walls of the discharge section, respectively (see figure 3) . The dc electrodes are made of copper and are exposed to the flow. Each pulsed electrode, also made of copper, is insulated from the flow by a dielectric ceramic plate approximately 1 mm thick (see figure 3 ). On the opposite side, the pulsed electrodes are covered by a layer of plastic to prevent electrode surface exposure to air and/or test section gases and the development of corona discharge during the operation. Both sets of electrodes are located at the same streamwise location to form a crossed pulser/dc sustainer discharge, as shown in figure 3 . The overall length of the test section is about 12 cm, with a crossed discharge length of 5 cm.
The pulsed electrodes are powered by a Chemical Physics Technologies custom designed high-voltage (20-25 kV), short pulse duration (10-20 ns), high pulse repetition rate (up to 50 kHz) pulsed power supply. Therefore, the duty cycle of the power supply is very low; ∼1/1000. The pulse voltage is measured using a Tektronix P6015A high-voltage probe and a Tektronix TDS 3032B digital oscilloscope. The dc sustainer electrodes are powered by a DEL high current, lowvoltage (3 A, 2 kV, 6 kW max) dc power supply, operated in the voltage-stabilized mode. Adjustable high-power ballast resistors (Powerohm, 0-10 k ) are connected in series with the dc power supply to limit the maximum sustainer current. In the present experiments, the ballast resistance has been varied between 0.5 and 2.0 k . The dc sustainer current is measured using a Tektronix A6303 current probe with a Tektronix AM503B amplifier and a digital oscilloscope. In all measurements reported in this paper, the pulser was operated at the pulse repetition rate of ν = 40 kHz.
The discharge test section is followed by a 17 cm long optical diagnostic section with the same cross section (5 cm width and 1 cm height). Five sets of BK-7 glass windows, flush-mounted with the inside walls and evenly spaced along the test section provide optical access at various streamwise locations. Visible emission spectroscopy measurements have been conducted using a Roper Scientific Optical Multichannel Analyzer (OMA) with a 0.5 m monochromator, 1200 g mm
grating blazed at 700 nm and a Roper Scientific liquid nitrogen cooled 2D 512 × 512 pixel CCD array camera. Infrared emission measurements have been conducted using the same monochromator, 600 g mm −1 grating blazed at 1 µm and a liquid nitrogen cooled 1D 512 pixel InGaAs CCD array camera, on loan from Roper Scientific. To reduce electromagnetic interference from the pulsed power supply, the emission was collected using a Thor Labs 5 m long AFS fibre optic bundle with collimators on each end. The collimators were positioned in front of an optical access window in the diagnostics section wall and in front of the slit opening of the spectrometer, respectively. To maximize the signal collected by the 2D array camera, a spot-to-slit converter has been attached to the end of the fibre optic cable. The use of the fibre optic link resulted in a nearly complete electromagnetic noise removal. The O 2 (a 1 ) concentration in the discharge afterglow and the SDO yield were evaluated by the calibration of the fibre optics/OMA/CCD camera signal collection system using an Infrared Systems calibrated blackbody source IR-564. In particular, during the calibration the number of blackbody photons captured by the fibre optics collimator, calculated from the Planck distribution, was related to the total number of the OMA counts, S BB , registered across the wavelength range sampled by the OMA detector, λ = 73 nm. Then, in the actual experiment, using the same collimator, the number of the OMA counts integrated over the O 2 (a 1 → X 3 ) band, S SDO , was related to the SDO number density, n SDO . The equation used for the SDO number density calculations is as follows:
where I (λ, T ) is the Planck distribution (blackbody spectral radiation intensity in W/m 2 /µm at λ=1.268 µm in the direction normal to the source), ε is the blackbody photon energy in joule, A is the Einstein coefficient for spontaneous emission of the O 2 (a 1 ) state, L = 0.05 m is the width of the test section (i.e. the length of the distributed SDO emission source sampled by the collimator), 4π is the full solid angle and τ is the signal collection time (in seconds) for the actual experiment (SDO) and for the blackbody calibration run (BB). Note that the cross section of the collimator signal collection region cancels out since it is the same in the actual experiment and in the blackbody calibration. However, the diameter of the nearly cylindrical region sampled by the collimator (d = 2.5±0.5 mm) was also determined during the calibration by moving the collimator relative to the pinhole blackbody aperture (0.3 mm), using a three-dimensional translation stage.
In the present experiments, the test section total pressure was typically set at P 0 = 120 Torr, and it remained constant during the run. At these conditions, the mass flow rate was varied in the range of 0.5-2.5 g s −1 depending on the gas mixture and the choke slit area. Downstream of the slit choke plate, a 4 inch diameter shutoff ball valve (see figure 1 ) allows for the test section removal while keeping the vacuum tank under vacuum. The vacuum tank volume is approximately 250 ft 3 . Between the runs, the vacuum tank is pumped down to below 1 Torr using a Stokes 212-H 150 cfm vacuum pump. During the run, the tank pressure increased by a few Torr.
Kinetic model
The kinetic model used in the present paper is a quasione-dimensional compressible flow nonequilibrium pulsersustainer discharge model coupled with the Boltzmann equation for plasma electrons. The model incorporates quasi-one-dimensional compressible flow equations, species concentrations equations for the neutral species, O 2 (X The model also incorporates a number of electron impact processes in the nonequilibrium plasma, such as ionization, dissociation, electronic excitation and dissociative attachment, as well as electron-ion and ionion recombination, electron attachment, detachment and ion conversion processes. The list of kinetic processes and rates used is given in table 2 in the appendix. Note that the model incorporates a rapid three-body O 2 (a 1 ) deactivation process recommended by the authors of [5] :
which may well contribute to the overall O 2 (a 1 ) deactivation rate in high pressure flows. The rate of this process with helium as a third collision partner is assumed to be the same as for argon. The model is coupled with the two-term Lorentz expansion Boltzmann equation solver [1] with the set of experimental cross sections [15] used as inputs.
The Boltzmann solver calculates the electron energy distribution function (EEDF) in the plasma (both in the pulsed discharge and in the dc sustainer discharge), averages the cross sections over the EEDF and provides the resultant electron impact process rate coefficients as functions of the reduced electric field, E/N, to the main code. In the modelling calculations, we used experimentally measured values of the sustainer voltage after subtracting the cathode voltage fall. Since the pulse voltage fall across the dielectric plates and across the sheaths is not known, the repetitively pulsed discharge voltage was assumed to be an adjustable parameter, with a Gaussian shape pulse duration (FWHM) of 25 ns. The pulse voltage was adjusted to fit the calculated sustainer discharge power to the experimentally measured value.
Results and discussion

Experiments
After the flow is started and the test section pressure is stabilized, the dc sustainer voltage is turned on. At these conditions, no breakdown is produced in O 2 /He or O 2 /Ar flows since the maximum applied dc voltage is too low (2 kV maximum). The crossed discharge is initiated only after starting the high-voltage, high repetition rate pulse sequence. High-voltage, short duration pulses produce ionization in the test section, and the relatively low sustainer voltage draws current across the test section between the pulses, while electron density is decaying due to electron recombination and attachment. In the present experiments, stable repetitively pulsed discharge in O 2 -He flows was maintained at test section pressures of at least up to P 0 = 380 Torr. Figure 4 shows a typical oscillogram of a single high-voltage pulse fired in a 10% O 2 -90% He flow, at the test section pressure of P 0 = 120 Torr and the mass flow rate ofṁ = 2.2 g s −1 . It can be seen that the pulse peak voltage is 19 kV, with the pulse full width at half maximum of about 25 ns. Figure 5 shows a photograph of a repetitively pulsed crossed discharge produced in the test section at these conditions, at a constant dc power supply voltage of U PS = 2 kV and ballast resistor of R = 0.46 k .
For the measurements reported in the present paper, the typical run time with the crossed discharge turned on was from 3 to 5 s. Figure 6 shows oscillograms of the sustainer current and voltage, as well as of the sustainer discharge power coupled to the flow and the estimated reduced electric field, E/N, in the crossed discharge at these conditions. In figure 6 , E/N is evaluated based on the flow number density at room temperature and neglecting the cathode voltage fall in the sustainer discharge. It can be seen that the sustainer current between the pulses drops from approximately I = 2 A to about I = 0.5 A, while the sustainer voltage, U = U PS − IR, increases from U = 1.2 to 1.8 kV. At these conditions, the time-dependent sustainer power varies from above 2 kW to about 0.8 kW, and the reduced electric field E/N varies from E/N = 0.5 × 10 −16 to E/N = 0.8 × 10 −16 V cm 2 . Note that these E/N values remain far too low for the dc discharge to become self-sustained. In fact, the discharge always terminated as soon as the pulser was turned off.
At the test section pressure and dc sustainer voltage used in the present study (P 0 = 120 Torr and U PS = 2 kV), the crossed discharge appeared diffuse, uniform and stable in a wide range of the ballast resistances (at least down to R = 0.46 k in oxygen-helium flows and down to R = 1.5 k in oxygenargon flows). The discharge stability was also verified by checking the sustainer current oscillograms spanning a wider time period, up to 2 ms, which exceeds the flow residence time in the discharge (see figure 7) . As the ballast resistance was reduced, the current traces in oxygen-helium mixtures remained stable (see figure 7 , R = 0.46 k , top), while in oxygen-argon mixtures this resulted in the appearance of a low-frequency 'ripple' in the sustainer current (see figure 7 , R = 1.5 k ; bottom). At R = 1.0 k in a 10% oxygen-90% argon mixture, the current oscillations amplitude became very large (of the order of ∼0.5 A) as the sustainer discharge became unstable. On the other hand, as expected, the crossed discharge in oxygen-helium mixtures remained quite stable in the entire range of the ballast resistance tested. We conclude that operating the crossed discharge in oxygen-argon mixtures at high-power loadings would most likely require an additional stabilization technique, such as blowing helium across the sustainer electrode faces, which would help in dissipating incipient arc filaments. Figure 8 shows a current voltage characteristic of the sustainer discharge in a 10% O 2 -90% He flow at P 0 = 120 Torr and the mass flow rate ofṁ = 2.2 g s −1 . It can be seen that at low-voltages the sustainer current remains very low and nearly independent of the applied voltage, while at high-voltages the current exhibits linear voltage dependence. Basically, if the applied voltage is low, the voltage across the cathode layer of the discharge, U c ≈ U PS , is insufficient to accelerate ions toward the cathode, release enough secondary electrons from the cathode surface and multiply them in the cathode layer to sustain a significant current [10] , even at the conditions when the conductivity in the positive column of the discharge is high. The cathode voltage fall was estimated from the x-axis intercept of the linear slope of the current voltage characteristic in figure 8 , U c = 360 ± 50 V, which is rather close to the normal glow discharge cathode fall, 370 V in oxygen and 180 V in helium (both for copper cathode) [10] . At dc voltages exceeding the cathode fall, U c , a linear current voltage characteristic (see figure 8) is expected, because in the non-self-sustained discharge the rate of ionization produced by high-voltage pulses is independent of the sustainer field. power and to optimize the discharge performance, we first measured O 2 (b 1 ) visible emission spectra at 762 nm. Indeed, both electron impact cross section data and kinetic modelling calculations [1] suggest that both these low-energy electronic states are most efficiently excited at rather close E/N values. Therefore, one could expect the O 2 (a 1 ) and O 2 (b 1 ) yields to scale in a similar way. Also, we used rotationally resolved
3 ) spectra to infer the flow temperature in the discharge afterglow. Figure 12 3 ) emission spectrum with the band centre at 762 nm, in a 10% O 2 -He mixture at P 0 = 120 Torr andṁ = 2.2 g s −1 . Figure 12 also shows the synthetic spectrum calculated at the rotational temperature of T = 365 K. The spectroscopic constants and the rotational line strengths for the synthetic spectrum were taken from [16, 17] . The rotational temperature was evaluated from the comparison of the two spectra by the least squares method, T = 365 ± 15 K at the conditions of figure 12.
At the same time, we also measured the excited O atom line emission at 777 nm to estimate the dependence of the oxygen dissociation fraction on the discharge power. Earlier experiments [7, 9] suggested that high O atom concentrations could adversely affect O 2 (a 1 ) yield and small signal gain in nonequilibrium oxygen-iodine mixtures. in the discharge. This was done by reducing the slit choke area, A * , while keeping the discharge pressure constant, which resulted in the mass flow rate reduction,
In equation (4), u, ρ, P 0 and T 0 are velocity, density, pressure and temperature in the discharge section, respectively, A is the cross section area of the discharge section, γ = 1.625 is the specific heat ratio and R is the gas constant. If the sustainer discharge power is kept the same while the mass flow rate is reduced, this would increase the discharge energy loading per oxygen molecule, which would increase both SDO yield and the flow temperature. Figure 14 shows typical O 2 (a 1 → X 3 ) emission spectra, (0,0) band with the band centre at 1.268 µm, at the mass flow rates ofṁ = 2.2 and 0.73 g s −1 . The spectra in figure 14 are shown after subtracting a nearly flat baseline from the raw infrared signal. It can be seen that, indeed, the O 2 (a 1 ) emission intensity increases as the mass flow rate is reduced. On the other hand, O 2 (a 1 ) emission intensity measured at several locations downstream of the discharge section using five optical access windows (see figure 5 ) was found to be nearly independent of the distance from the discharge (up to at least 15 cm). As expected, this demonstrates that at the present conditions O 2 (a 1 ) molecules in the discharge afterglow survive for a relatively long time, at least several milliseconds.
During these measurements, the sustainer discharge power into the positive column was found to be nearly independent of the mass flow rate (see table 1 ).
The SDO yield was inferred from the experimental infrared emission spectra using blackbody calibration. During the calibration, both the signal collection volume sampled by the fibre optics collimator and contributions of different parts of the collection volume into the overall SDO signal were determined. Note that the calibration is significantly simplified by the fact that the flow is optically thin for the O 2 (a 1 → X 3 ) emission due to an extremely long radiative lifetime of the O 2 (a 1 ) state, with the Einstein coefficient for spontaneous emission of A rad = 2.2 × 10 −4 s −1 [18, 19] . Figure 15 shows the SDO yields and the flow temperatures at these conditions. In figure 15 , the error bars in the SDO yield indicate a combined uncertainty in the infrared spectra baseline and in the flow temperature. It can be seen that the SDO yield increases from 1.7% ± 0.2% to 4.3% ± 0.7% as the mass flow rate is reduced (see figure 15) . However, the higher yield is achieved at a somewhat higher flow temperature, T 0 = 465 ± 15 K atṁ = 0.73 g s −1 versus T 0 = 365 ± 15 K aṫ m = 2.2 g s −1 . Figure 15 also plots the SDO threshold yield calculated from equation (1) at the static temperature in an M = 3 flow for the stagnation temperatures, T 0 , measured in the discharge section,
In equation (5), γ = 1.625 for a 10% O 2 -90% He mixture. It can be seen that the actual yield, although rather low, exceeds the threshold yield by almost a factor of two (see figure 15 ). Note that both the test section pressure and the mass flow rate through the test section,ṁ, are dictated by the target flow parameters in the supersonic laser cavity, such as static pressure and temperature (which determines the Mach number; see section 1) and cavity height (which determines the mass flow rate). For this reason, both density and mass flow rate in equation (4) cannot be easily varied within a wide range. Therefore a practical way of reducing the flow velocity and increasing the flow residence time in the discharge would be to increase the cross section area of the discharge, for example by moving the pulsed electrodes farther apart. Since the repetitively pulsed discharge in the test section was successfully generated at pressures of up to P 0 = 380 Torr, we estimate that in the present setup the distance between the pulser electrodes, and therefore the flow residence time, can be increased by at least a factor of two. table 1 ). The discharge length in the streamwise direction is 5 cm. Downstream of the discharge, the mixture flows through a converging-diverging nozzle to reach M = 3 in the laser cavity. The nozzle throat is located 3.25 cm downstream of the discharge, i.e. at x = 8.25 cm. From figure 17 , it can be seen that soon after the flow enters the discharge, the electron density between the ionizing pulses remains very low because of the three-body attachment of electrons to O 2 molecules, with subsequent rapid ion conversion from O (see table 2 ), which contributes to the rapid electron density increase. High peak electron density and high peak E/N during the pulses also result in significant oxygen dissociation (see figure 17) .
Modelling calculations
Higher electron density, and therefore higher sustainer current density in the downstream half of the discharge in turn accelerates the O 2 (a 1 ) generation (see figure 17 ). Note that ozone formation in the discharge remains quite insignificant, especially after the flow temperature starts increasing because of Joule heating (see figures 17 and 18). From figure 17, one can see that the O 2 (a 1 ) yield, defined as the ratio of the O 2 (a 1 ) concentration over the initial oxygen concentration, reaches approximately 6.5% at the discharge exit, which is close to the calculated oxygen dissociation fraction, [O]/[O 2 ], 7.5%. At the discharge exit, the calculated sustainer discharge power added to the flow is 900 W, which is close to the experimentally measured value at these conditions, 920 W (see table 1 ). Figure 17 also shows that during a supersonic expansion to M = 3 downstream of the discharge, the O 2 (a 1 ) yield remains nearly constant because of its very slow collisional deactivation rate. The predicted freezing of the O 2 (a 1 ) concentration is consistent with measurements of the O 2 (a 1 ) emission intensity at five different locations in the subsonic (i.e. much slower) flow downstream of the discharge section, which was nearly constant (see section 4.1). Figure 18 , which plots the axial temperature distributions in the discharge and in the supersonic nozzle atṁ = 0.73, 1.1 and 2.2 g s −1 , shows that higher electron density in the downstream part of the discharge results in a more rapid Joule heating of the flow. Calculated flow temperatures at the end of the discharge are in satisfactory agreement with the rotational temperatures inferred from the O 2 (b 1 → X 3 ) spectra such as shown in figure 12 (see figure 18 ). As can be seen from figure 18 , the flow temperature in the supersonic expansion to M = 3 is reduced to T = 90-140 K. Figure 19 shows the measured and the calculated O 2 (a 1 ) yields for the three different mass flow rates. One can see that the predicted yields, which increase as the mass flow rate is reduced, are significantly higher than the experimentally measured values, by more than a factor of 2. At this time, the reason for this difference remains unclear. Conceivably, it might be due to some additional rapid O 2 (a 1 ) deactivation process that the present kinetic model does not include, although it appears unlikely. Indeed, in the present model the process of equation (3) is by far the most rapid O 2 (a 1 ) quenching process, with a characteristic time of τ quench ∼ 2 ms (assuming 5% O 2 dissociation fraction). At these conditions, the characteristic time for two-body O 2 (a 1 ) quenching by O atoms is much longer; τ quench ∼ 0.2 s. For comparison, the flow residence time in the discharge is τ res ∼ 0.5-1.5 ms, depending on the flow rate, with O 2 (a 1 ) being generated over only about half of that time, 0.25-0.75 ms (see figure 19 ). For this reason, even rapid three-body quenching of O 2 (a 1 ) by the process of equation (3) has a relatively modest effect on the SDO yield (within about 25%), which was found by excluding the reaction of equation (3) Since in the modelling calculations the calculated discharge power was tailored to the actual sustainer discharge power, these arguments suggest that the present kinetic model may significantly overestimate the sustainer discharge energy fraction going into direct electron impact excitation of O 2 (a 1 ), as predicted by the Boltzmann solver (see figure 10 ) for the experimentally measured E/N values (see figure 9) . Note that predictions of the Bolzmann solver with the cross sections used in this paper are in good agreement with the results of kinetic modelling calculations by other authors (e.g. see [1] ). Further experiments, where the O 2 fraction in the flow will be increased up to 15-20% and the sustainer voltage will be varied within a wider range (up to U PS = 5 kV versus U PS = 2 kV in this work) using a higher voltage dc power supply, are expected to provide additional insight into this issue.
Summary
This paper discusses the results of recent experiments on singlet oxygen generation in a high-pressure, non-selfsustained crossed discharge. The discharge consists of completely overlapping high-voltage (15-20 kV), short pulse duration (10-20 ns), high repetition rate (up to 50 kHz) pulsed discharge, which produces ionization in the flow, and a lowvoltage dc sustainer discharge which sustains current in a decaying plasma between the pulses. The sustainer discharge voltage can be independently varied to choose the reduced electric field value such that it maximizes the sustainer energy input into electron impact excitation of SDO. The results demonstrate the operation of a stable and diffuse crossed discharge in O 2 -He and O 2 -Ar mixtures at static pressures of at least up to P 0 = 380 Torr and sustainer discharge powers of at least up to 1200 W (discharge power and energy loading in 3 ) infrared emission spectra calibrated using a blackbody source. The yield remains nearly constant in the discharge afterglow, up to at least 15 cm distance from the discharge.
Kinetic modelling calculations using a quasi-onedimensional nonequilibrium pulser-sustainer discharge model coupled with the Boltzmann equation for plasma electrons predict O 2 (a 1 ) yields of 3.5% to 11.5% and a gas temperature rise of T = 50-200 K at the sustainer discharge power going into the positive column of approximately 900 W and the mass flow rate ofṁ = 0.73-2.2 g s −1 . The predicted temperature rise in the discharge is in satisfactory agreement with the emission spectroscopy temperature measurements. The model also predicts a fairly high oxygen dissociation fraction in the discharge, from 4% to 9%. The modelling calculations show that increasing the flow residence time in the crossed discharge by reducing the mass flow rate results in an increase of the O 2 (a 1 ) yield. However, comparison of the experimental results and the modelling calculations shows that the model significantly overestimates the SDO yield (by a factor of 2-2.5), which suggests that the model's description of nonequilibrium O 2 -He plasma kinetics at high pressures is not quite adequate.
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Appendix
